The strength properties of composite materials may alter due to prior mechanical loading as a consequence of internal structural rearrangements. The failure behaviour of woven fabric composite subjected to prior creep deformation is studied in this paper. The invariant form of the failure criterion is specified for a virgin material. The modified version of the criterion is proposed in order to incorporate preloading effects. Experimental evidence 6f the strength alteration due to the preloading history corresponds well with the proposed criteria.
INTRODUCTION
Woven fabric composites continue to attract interest in technological applications due to their balanced, quasi-isotropic properties which better resist complex loading configurations. Despite their attractiveness the description of failure behaviour of woven fabric composites is far from complete.
In principle, strength characteristics are obtained from short term tests utilizing "as received" material. Further, in a design procedure the strength is divided, often quite arbitrarily, by a "factor of safety" /I/ to allow for the deleterious effects of mechanical and/or environmental influence. This procedure underestimates the composite's performance and usually leads to over-designed components.
Since most fibers exhibit nearly pure elastic behaviour, a matrix flaw and internal flaws formation and growth are the main material reactions to the sustained loads. Therefore, any mechanical or environmental preloading will cause the internal rearrangements of a material and in consequence alter the mechanical characteristics of. the composite. The strength properties of a prestressed material will be different compared to virgin material.
In design applications, strength characteristics are of great importance in assessing the lifetime and reliability of structures. It appears, therefore, that an attempt to investigate strength alteration caused by any preloading history is necessary and timely. In the present paper, a preliminary result of the strength alteration induced by the creep-type preloading is discussed.
INVARIANT FORMULATION OF FAILURE CRITERION FOR PRESTRAINED COMPOSITE

A. General Considerations
Since micromechanical concepts of composite behaviour do not provide as yet the needed basis for predicting a gross strength under general loadings, the notion of the failure surface is adopted in the present investigation. The composite is considered as a homogeneous anisotropic material. Its load carrying capacity is pictured in the stress space by the failure surface representing ultimate stress states under different loadings and material configurations and without regard to failure mechanisms and failure modes. Fig. 1 shows part of a hypothetical failure surface in the plane stress space with normal stresses, σ ι and σ 2 , along the material principal directions and the shear stress, σIn principle, the failure surface ABCD may be obtained by the use of any failure theory best suited to the material under consideration /2/. The off-axis tensile tests produce results along the path AEC, while the off-axis angle changes from 0" to 90°. It is results along this line that fail to discriminate between failure theories /3,4/. However, the purpose of the present analysis is to investigate the prestraining influence on the strength rather than to validate a superiority of one criterion over another. Moreover, very easy preparation of the test specimens makes the off-axis tests very suitable for the generation of plane state stresses. If we represent the off-axis strength as a vector in the stress space, then the path AEC constitutes a locus of the end points of all possible strength vectors in the off-axis configuration. Two such vectors, OM and ON, are shown in Fig. 1 . Let us suppose that a virgin specimen is subjected to constant load denoted in the stress space by vector OMj (or ONj). Then the specimen is unloaded after a prescribed creep deformation or time interval has been reached and reloaded again up to failure. The subsequent strength is represented by vector OM 2 (or ON 2 ). Depending upon the deformation mechanisms taking place during preloading, the strength can be improved or reduced as the length of vectors OM 2 and ON 2 suggests. In order to get comparable results for strength alteration, preloading vectors OMj and ΟΝ χ must be selected in a strictly prescribed manner. In the present case, preloading vectors possess the same length set to 125 MPa in all off-axis configurations and applied to the specimen for 8 hours. Experiments performed according to this procedure furnish data that enable the following question to be answered: what will be a strength of off-axis tensile coupons previously subjected to the load equal to 125 MPa during 8 hours? It is worth noticing that the above loading scheme produces diverse strain states for different offaxis angles which implies various internal rearrangements of the material after preloading. Therefore, the following no less important question can be formulated: what will be a strength of off-axis coupons previously predeformed to the same strain field? In order to give an answer to such a question, data must be collected from experiments using the following procedure: each specimen is subjected to the load equal f.ex. to vector ΟΜ χ for a prescribed time interval and then reloaded along different paths corresponding to the locus AEC. Another strategy has to be applied if the experiments are performed in order to find the strength alteration along a path other than AEC, i.e., where the stress components must be imposed independently.
B. Failure Criterion
A consistent formulation of the failure criterion can be developed using representations of anisotropic tensor functions /5,6/. The failure surface is a function of the stress tensor and some additional tensor arguments, Μ^ f{a,M k ) = 1 (1) where Μare orthotropy tensors, which are tensor products of unit vectors, v fc , directed along material privilege directions, i.e., M^ = v fc ® v k , for k = 1, 2,3. Thus the failure function, f(<r, Af^), is the scalarvalued function of two tensor arguments and must be invariant with respect to any orthogonal transformation, Q, applied to both the material and the stress tensors
where Q is the transpose of Q. This implies that the function, f, is isotropic with respect to its arguments, σ and Mp and the orthotropic symmetry requirement is automatically satisfied by the incorporation of orthotropy tensors, M^. Referring to the representation theorem 15,11, the scalar-valued function of two symmetric tensors is furnished by an irreducible set of invariants which in the case of orthotropy amounts to seven independent invariants: trMjff, uMjOr 2 and tr<7 3 . It can easily be seen that for the plane stress conditions in (ν , v 2 ) plane there are three independent invariants: tra, tr<r 2 and txM^a.
They are expressed in terms of components by tra = σ, + σ 2
Any other invariant can be created from irreducible set (3) and the failure function may be assumed as a polynomial in terms of invariants. Failure criterion (1) is specified for present purposes in the form which is quadratic in stress components as follows: 
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Failure criterion (4) or (5) is well suited for woven composites /8/ and is accurate enough for off-axis tensile strength experiments.
C. Failure Criterion for Prestrained Composite
Uniaxial standard strength tests are performed on the sample of a material by increasing monotonically the external load.
Obviously, the state of fracture must be looked upon as an evolutionary process in which different micromechanisms responsible for load-induced alteration of the microstructure lead jointly to the final collapse of the sample. The ultimate stress is only a macroscopic indicator of rearrangements taking place in the material under the load. Consequently, the composite subjected to creep-type loading will undergo internal changes that, depending on their nature, may deteriorate or enhance the ultimate strength properties. Since the transient creep fades out shortly after a constant stress level has been reached, the creep strain for the stationary period is taken as a cumulative variable that reflects all irreversible micromechanisms operative during creep deformation. Thus modification of the material's internal structure and its influence on the strength can be taken into account by introducing the creep strain, e c , into failure criterion (1), i.e.,
provided that the coefficients in Eq. 1 are identified as follows:
Referring again to the representation theorem, the scalar-valued function F depending on three tensors may be expressed in terms of nineteen invariants listed in Boehler and Rachlin /5/. For the plane stress problem, the number of irreducible invariants is reduced to seven, i.e., tr<r, trA^o 1 
where σ α denotes the strength for arbitrary off-axis angle, «. We conclude from relation (10) that two strength tests at different off-axis angles of the prestrained material suffice to determine constants a 1 and a".
CONSTITUTIVE EQUATION FOR STEADY STATE CREEP
A customary and often useful approach to the creep behaviour of materials is to assume that the secondary or steady creep is of overwhelming importance. Primary, transient creep is ignored as being an adjustment of strains from an initial elastic response to the steady state creep. Guided by the results broadly accepted for isotropic materials, the constitutive equation for the steady state creep has been obtained in /9,10/ making use of a concept of the dissipation potential expressed in terms of the stress deviator components. The constitutive equation is here reformulated in order to take into account the influence of the total stress tensor on the creep process.
The steady state creep rate is assumed to be derivable from the dissipation potential, Ω, being a scalar valued isotropic function of the stress tensor, σ, and anisotropy tensors, M k 
with n, bj, b 2 and b 3 being material constants. Performing differentiation indicated in Eq. 11 and taking into account Eqs. 12 and 13, the steady creep rate is obtained as Constitutive Eq. 14 determines the steady creep rate for an arbitrary in-plane loading. Uniaxial off-axis loading σ induces the stress components in the material privilege directions σ 1 = σ cos 2 a , σ 2 = σ sin 2 a , (15) σ 6 = -σ sina-cosa Substituting transformed components (15) into Eq. 14, the creep rate is obtained in the material coordinate system Tensile creep experiments at any three distinct values of the off-axis angle, a, enable the material constants to be evaluated. Then the validity of constitutive Eq. 14 may be checked for further creep tests at other angles, a, or other plane loading configurations.
EXPERIMENTAL RESULTS
A. Material and Testing Procedure
The experiments were done on glass-plane weave reinforced polyimide. Specimens of 8-layer reinforcing cloth were 2 mm thick and 40 mm wide.
Free length between reinforcing tabs was 220 mm. All experiments were performed on specimens cut at angles between 0° and 90° at 15° intervals with a warp direction of 0°. Fig. 2 illustrates the elastic properties of the material. Slight asymmetry of elastic constants with respect to the off-axis angle is observed. The elastic constants were measured on the same specimens that were loaded up to fracture in order to obtain the strength in off-axis configurations.
The second group of specimens were used for creep testing at constant load set to 125 MPa during 8 hours. This particular load level was selected in order to obtain a pronounced creep deformation without causing significant microcracking in the matrix material. After the creep period passed, the specimens were unloaded and reloaded again up to fracture. The variable, tre c , that enters failure criterion (9) was measured in the material symmetry axes.
Each experimental point indicated in the subsequent figures represents a mean value from measurements performed on five specimens. Fig. 2 Elastic properties in off-axis loading Fig. 3 shows the steady state creep rate for different off-axis angles at selected load level. The experimental data for configurations 0°, 45° and 90° were used to evaluate material constants, bp l^,. b^ and n, listed in Table 1 . There is fairly good agreement between the theoretical curve and the experimental data. The agreement at a = 0°, 45°, 90° follows automatically from the choice of these particular angles to determine material constants. The same positive tendency is observed for other load levels. Plotting the relation between the creep strain rate and the stress level in a double logarithmic scale a family of parallel lines is obtained in Fig. 4 where the creep rate in the 60° and 75° configuration is not included for the sake of clarity of the diagram. modified failure criterion (9) . It is interesting to observe very significant increase in the creep strain as the load is altered from 100 MPa to 125 MPa. This is particularly pronounced for the 45° off-axis configuration in which the value of the invariant increases almost 2.5 times. The data indicate activation of a certain micromechanisms in the matrix material that allows the matrix to flow without any observable microcracking.
B. Uniaxial Creep
C. Failure Behaviour
Two sets of specimens were loaded up to total fracture, the first set of virgin specimens without any deformation history and the second set of specimens which had been subjected to prior creep deformations. The results of the strength tests are shown in Fig. 6 . The solid line represents the failure path determined by criterion (4) whereas the dashed line corresponds 
DISCUSSION AND CONCLUSIONS
Three distinct regions of strength behaviour for the prestrained specimens can be distinguished in Fig.  6 . In the range of the off-axis angles between 0" and 30°, the strength of the prestrained material significantly deteriorated. For orientations between 30° and 60°, the strength improved whereas for larger off-axis angles predeformation does not seem to have any pronounced influence.
Strength in directions close to 90° is unaltered because a behaviour in that direction is entirely fiber dependent. The fibers in the fill yarns are straight and do not allow for permanent changes in the material microstructure. On the other hand, interlocked warp yarns supplement the matrix creep by straightening out during loading along directions close to 0°. However, the deformation of warp yarns simultaneously causes the matrix to crack along the fill direction, see Fig. 7 . Thus subsequent strength in the warp direction is to a large extent only fiber dependent as opposed to the virgin specimen, where at least part of the load was carried out by interphases between the matrix and the fill yarns. Consequently, the strength of the prestrained material in the range between 0° and 30° diminishes as a result of induced microcracks.
Microfracturing of specimens close to 45° is negligible, see Fig. 7 . The fracture mode in this direction is matrix dominated. During prior creep deformation, the shear stresses are apparently high enough to overcome an activation energy barrier and reorient macromolecules of the matrix. This new configuration of the molecular structure is "locked" in the material while unloading after the creep has been developed and results in the appearance of back stresses that are responsible for an increase in the strength of the material and have a unique correspondence to the inelastic distortion in the matrix /ll/. In a directionary oriented network of macromolecules, fracture takes place mainly in major chains of macromolecules. This process demands larger stresses to cause a fracture than the stresses necessary to break intermolecular bonds that are mainly responsible for weakest-link fracture in unoriented network of the matrix, i.e., in the virgin specimen.
Modified criterion (10) provides some qualitative information related to an alternative formulation of the preloading history. Let us assume that large specimens of orientation 75°, 15°, 60° and 45° are prestrained by the same constant load, σ = 125 MPa, during 8 hours. Resulting strain fields are characterized by the invariant tre c calculated from constitutive Eq. 16 and have values of 124, 313, 426 and 735 yxstrain, respectively. After unloading, small specimens are cut out in different directions with respect to the prestrained direction. This means that each small off-axis specimen possesses the identical prestrain value. The subsequent failure paths as Microcracks in 0° and 45° specimens after creep deformation predicted by Eq. 10 are compared with the strength of the virgin material in Figs. 8-11 . It may be observed from Figs. 8-10 that prestrain values for these configurations are not high enough to improve subsequent strengths significantly. Nevertheless, the normal stress component along the warp direction that acts during preloading seems to be sufficient for the deteriorating subsequent strength of the specimens loaded to fracture along the 0° direction. The large predeformation effects visible in Fig. 11 suggest intense reorientation of the matrix molecular network. The shear stresses responsible for reorientation of molecules are the highest possible among the considered configurations. This results also in a slight improvement in the strength of off-axis angles larger than 45°. At the same time, strong reorientation of macromolecules during preloading seems to weaken substantially the resistance of the material along the warp direction. Fig. 12 summarizes the results of this hypothetical experiment. Fig. 13 shows the characteristic damage accumulation in the fracture zone for virgin specimens with orientation 0°, 45° and 90°. The damage patterns of predeformed specimens do not differ from those shown in the figure. The specimen with 0° orientation exhibits localization of transverse microcracks coming from the enforced straightening of warp yarns. Characteristic spikes appear just before fracture. The 
